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1
GAS DELIVERY FOR BEAM PROCESSING
SYSTEMS

This Application claims priority from U.S. Provisional
Application 61/261,622, filed Nov. 16, 2009, which is hereby
incorporated by reference.

TECHNICAL FIELD OF THE INVENTION

The present invention relates to systems for providing a gas
for a beam processing system, ion beam or electron beam
system.

BACKGROUND OF THE INVENTION

Beam systems, such as electron beam systems, ion beam
systems, laser beam systems, cluster beam system, and neu-
tral particle beam systems, are used to create features on a
surface by etching or deposition. Beam-induced deposition
processes use a precursor gas that reacts in the presence of the
beam to deposit material on the surface in areas where the
beam impacts. For example, a gaseous organometallic com-
pound, such as tungsten hexcarbonyl, is provided near the
sample and is adsorbed onto the surface. The organometallic
compound decomposes in the presence of a charged particle
beam, such as an ion beam or an electron beam, to form a
metal that remains on the surface and a volatile organic com-
pound that is removed by a vacuum pump. Etching processes
use a precursor gas that reacts with the surface of the work
piece to form a volatile compound. For example, iodine can
be used to etch a silicon wafer. The iodine reacts in the
presence of the beam to form a volatile silicon iodine com-
pound, which leaves the sample surface and is removed by the
vacuum pump.

Precursor gases are introduced into the vacuum by a “gas
injection system” or “GIS.” Gas injection systems typically
include a gas source and a gas director, such as a needle or
funnel, that is positioned near the sample and directs the gas
toward the work piece. A precursor gas that is generated from
a material that is solid or liquid at room temperature is typi-
cally supplied from a crucible within the vacuum chamber.
The flow of gas is generated by heating the solid or liquid to
increase its vapor pressure, causing gas to flow through the
gas director and into the vacuum chamber. For example,
tungsten hexacarbonyl is a solid at room temperature and is
typically heated to about 55° C. or 60° C. to raise its vapor
pressure to cause a suitable flow into a vacuum chamber.

One prior art system is described, for example in, U.S. Pat.
No. 5,435,850 to Jorgen Rasmussen for a “Gas Injection
System.” The gas injection system of Rasmussen includes a
crucible in which a solid or liquid source material is stored.
The crucible is positioned within the vacuum chamber. The
crucible is heated to increase the vapor pressure of the source
material, and the gas from the source material then flows to
the sample. The gas flow is regulated by the amount of heat
supplied to the crucible and by positioning a plunger within a
valve to control the size of the valve opening. The limited
crucible capacity requires frequent refilling of the crucible in
many applications. The dangerous nature of some of the
precursor chemicals necessitates special safety equipment
during refilling, which equipment may not be readily avail-
able in the field. Such systems also require realignment after
each refill so that the needle is pointing toward the impact
point of the charged particle beam. Controlling the tempera-
ture and the valve opening provides a limited ability to control
the pressure within the sample chamber of the charged par-
ticle beam system.
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Another type of gas injection system is described in U.S.
Pat. No. 5,851,413 to Casella for a “Gas Delivery Systems for
Particle Beam Processing.” In the systems of Casella, the
precursor is stored outside the vacuum chamber, and flows
through a conduit into a gas concentrator near the sample.
Systems that store the precursor gas outside the vacuum
chamber typically include a valve, such as a stepper-motor-
controlled diaphragm valve, to control the gas flow.

Control of pressure of the precursor gas in the charged
particle beam sample chamber is limited in prior art systems
because the pressure is controlled only by the controlling the
temperature of the gas source or the degree of opening of the
diaphragm valve. A vacuum pump is continually removing
gas from the sample chamber, and so the pressure in the
equilibrium chamber is reached when the gas flow in is equal
to the gas flow out. Apertures are required in the input gas path
to restrict the flow so that a low pressure can be maintained in
the sample chamber. Such apertures, however, increase the
time required to bring the sample chamber up to the desired
operating pressure.

FIG. 1 shows a typical prior art diaphragm valve 100 used
in a gas injection system. Valve 100 includes a valve body 102
and an actuator, such as a stepper motor 104 or a pneumatic
valve that controls the position of a valve stem 106 that
positions a diaphragm 108 over a seat 110 at an opening in a
supply pipe 112. When the valve stem 106 presses the dia-
phragm against the opening in seat 110, no gas flows through
the opening. When the valve stem moves away from the
opening, as shown in FIG. 1, the diaphragm allows gas to flow
into the valve from supply pipe 112 and out of the valve
through outlet pipe 114. Pressure is measured at exit of gas
system and then correlated using a calibration table to feed
back to control system.

The diaphragm valve is operated in a partially open posi-
tion, with the flow dependent on the degree of opening and the
upstream gas pressure. Once the degree of opening that pro-
vides the desired chamber pressure is determined, the valve
typically remains in that position, unless the pressure in the
chamber needs adjustment. The flow control is coarse and the
position of the valve stem is not highly correlated to a flow
rate. That is, a valve setting that provides a first sample pres-
sure chamber on the first system will not necessarily provide
the same pressure on a second system. In such processes, it is
preferably to maintain a desired ratio between process gases.
It can be difficult to maintain the desired ratio when control of
each component is inexact.

US Pat. Pub. No. 2009/0223451 describes a system for
delivering precursor gases to a beam instrument. The system
uses a carrier gas to dilute and carry the precursor gases from
one or more crucibles though a single main line to a needle
and into the sample vacuum chamber. Flow of the carrier gas
and the gas from each crucible is controlled in part by con-
trolling the duty cycle of a pneumatic valve. Part of each
crucible and the main line are in a gas envelope that opens to
the sample vacuum chamber. Use of a single main line leaves
precursor gas in the main line when the crucible valve is
closed, thereby requiring a purging procedure for the main
line, which takes time and wastes precursor gas.

SUMMARY OF THE INVENTION

An object ofthe invention is to improve gas flow control for
beam-assisted processes.

In accordance with some preferred embodiments, gas flow
from multiple gas sources into a sample chamber of a beam
system is controlled by a cycling valve for each gas source,
with the gas pressure in the sample chamber being determined
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by the relative time that the valve is opened and the upstream
pressure at the valve. A gas valve positioned inside the
vacuum chamber allows rapid response in shutting off a gas.

In accordance with some preferred embodiments, a precur-
sor gas is supplied from a solid or liquid material in a con-
tainer that remains outside the vacuum system while in use
and which is readily connected or disconnected to the gas
injection system without significant leakage.

The foregoing has outlined rather broadly the features and
technical advantages of the present invention in order that the
detailed description of the invention that follows may be
better understood. Additional features and advantages of the
invention will be described hereinafter. It should be appreci-
ated by those skilled in the art that the conception and specific
embodiments disclosed may be readily utilized as a basis for
modifying or designing other structures for carrying out the
same purposes of the present invention. It should also be
realized by those skilled in the art that such equivalent con-
structions do not depart from the spirit and scope of the
invention as set forth in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more thorough understanding of the present inven-
tion, and advantages thereof, reference is now made to the
following descriptions taken in conjunction with the accom-
panying drawings, in which:

FIG. 1 shows a schematically a prior art diaphragm valve.

FIG. 2 shows schematically a preferred system for regulat-
ing pressure in a gas injection system.

FIG. 3 shows a typical control signal for a cycling valve.

FIG. 4 shows chamber pressure versus time for different
valve duty cycle and frequencies.

FIG. 5 shows chamber pressure versus number of pulses
for different pulse widths of the valve control signal.

FIG. 6 shows chamber pressure versus duty cycle for a
static duty cycle and dynamically changing duty cycle.

FIG. 7A shows schematically a preferred embodiment of a
GIS of the present invention. FIG. 7B shows the nozzle por-
tion of the embodiment of FIG. 7A.

FIG. 8 preferred supply bottle used to provide a precursor
gas in accordance with a preferred embodiment of the inven-
tion.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

In accordance with a preferred embodiment of the present
invention, the gas flow into a sample chamber of a beam
system is controlled by a “cycling” valve, such as a microv-
alve. A cycling valve, as used herein, means a valve that
controls a flow by cycling between an open position and
closed position, with the flow being controlled by the fraction
of time during a given period that the valve is open. By
cycling the valve rapidly, typically at a frequency greater than
one Hertz, the gas flow can be averaged out to the extent
required by the application. Both the time that the valve
remains open during each cycle and the number of cycles per
second, that is, the cycle frequency can be adjusted to control
the gas flow through the valve. The percentage of time that the
valve is open is referred to a “duty cycle.” The flow will also
be determined, of course, by the pressure difference across
the valve. In most applications the pressure in the sample
chamber is much lower than the gas pressure on the input side
of the valve and so the flow is determined primarily by the
pressure on the input side of the valve.
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4

FIG. 2 shows a schematic of the gas path of one gas of a
typical beam system 200 of the present invention. A gas
source 202 provides a gas to a beam system chamber 204
through a first valve 206 connected by a gas line 208 to a
second valve 210 positioned within the sample chamber 204.
Valves 206 and 210 are preferably microvalves, that is, small
valves that control flow by adjusting the fraction of time that
the valve is open, rather than by throttling the gas flow. First
valve 206 is used to regulate gas flow to beam system 204 and
second valve 210 is used as a shut-off valve to stop flow to
system chamber 204 in case of failure of first valve 206.
Placing the second valve, the shut-off valve, close to the point
where gas is injected into the sample chamber reduces the
time required to purge the gas from the chamber, because
there is less gas in the lines to be purged. Line 208 is prefer-
ably heated to maintain the precursor in a gaseous state.
Additional regions along the gas flow path can also be heated.
The microvalves can also be heated using spot heaters to
prevent condensation in the microvalves.

Valves 206 and 210 are controlled by controller 220 that
combines a signal from a function generator 222 and power
supply 224 to provide a drive signal for the valves. Valves 206
and 210 are preferably commercially available microvalves.
Microvalves typically comprise a solenoid that opens a valve
against a spring force that biases the valve in the closed
position. When a current is passed through the coils of the
solenoid, a plunger in the solenoid moves away from a valve
seat to allow gas to pass though the seat. When the current is
removed, the spring returns the plunger to the seat to seal the
gas inlet. FIG. 3 shows a typical drive signal 302 that includes
an initial voltage pulse 304, typically about 12 volts (V) for
about 100 milliseconds (ms), that provides an initial impulse
to open the valve, and a “hold” voltage 306, typically about
3-5 V, that is sufficient to maintain the valve in an open
position. Both the pulse width 308 of the “hold” signal 306
and the frequency, that is, the number of cycles per second,
are controllable. Controller 220 sets the duration and height
of'the initial pulse 304, and then switches the solenoid voltage
to the hold voltage 306 for a programmed amount of time.

In a preferred embodiment, the time required for the gas in
the sample chamber to reach the desired pressure of the gas
pressure is controlled by setting pulse width 308, and the gas
pressure maintained in the chamber is regulated by adjusting
the frequency of each cycle. That is, pulse width 308 can be
set so that the valve stays open for a longer period of time
during each cycle so that the chamber pressure rises more
rapidly. The rate at which the valve alternates between open
and closed is adjusted to provide the desired pressure in the
sample chamber. If the frequency is too low, the pressure in
the chamber will oscillate; the frequency should be suffi-
ciently high to maintain sufficient uniformity of pressure in
the vacuum chamber. Such a pulse width modulation (PWM)
control scheme can be used to provide flow control, and hence
pressure control, over the complete pressure range of the
system.

FIG. 4 shows how the operating frequency and duty cycle
affect the chamber pressure over time. Data points repre-
sented by round dots represent a frequency of ¥4 Hz; data
points represented by triangle represent a frequency of 1 Hz;
and data points represented by squares represent a frequency
of' 3 Hz. The three lines grouped together and indicated by
reference number 402 represent a duty cycle of 25%, that is,
the valve is open for 25% of the time and closed for 75% of the
time of each cycle. The three lines indicated by reference
number 404 represent a duty cycle of 9.9%, and the three lines
indicated by reference number 406 represent a duty cycle of
3%. Lines 402 show that a duty cycle of 25% produces a
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chamber pressure of about 7.7x107° millibar (mbar). The line
402A corresponding to a frequency of 3 Hz shows that the
pressure is relatively stable, whereas the line 402C corre-
sponding to a frequency of ¥4 Hz shows significant fluctua-
tions in the chamber pressure. Lines 404 show that a duty
cycle of 9.9% produces a pressure in the vacuum chamber of
about 3.9x107> mbar and lines 406 show that a duty cycle of
3% produces a pressure in the vacuum chamber of about
1.9x107° mbar. Note that the duty cycle is related to the
frequency, as well as the pulse width.

FIG. 5 shows how the pressure increases in the chamber as
a valve is pulsed. The data points indicated by the diamonds
represent 5 ms pulses, that is, the valve was open for about 5
ms during each cycle. The squares represent 10 ms pulses,
and the triangles represent 25 ms pulses. FIG. 5 shows that
longer pulse durations increase the chamber pressure more
rapidly for the same number of pulses, and that the increase is
greater than would be expected based solely on the time the
valve is open.

FIG. 6 shows how the chamber pressure changes when the
duty cycle remains constant, compared to when the duty cycle
is dynamically changed.

FIG. 7A shows an embodiment of a gas injection system
(GIS) 700 in accordance with the present invention. Gas
injection system 700 extends through a wall 702 into a
vacuum chamber 704 and so includes a portion 706 inside the
vacuum chamber 704 and a portion 708 outside the vacuum
chamber 704. System 700 includes two types of gas sources,
solids and liquids in containers 710, described in more detail
below, and gas tanks 712. The gas sources 710 and 712 are in
portion 708 external to the vacuum chamber 704 so that they
can be easily replaced when empty. Positioning the gas source
outside of the vacuum chamber also allows for the use of
larger capacity containers. An airtight cabinet 716 maintains
the containers 710 and control valves 720 within a vacuum
environment. In some embodiments, the gas source, such as
one of containers 710, which may be, for example, a crucible
containing a solid or liquid precursor material, is contained
entirely within the interior of airtight cabinet 716, rather than
having a portion that extends outside the airtight cabinet. This
can simplify the design of the crucibles or other gas sources.
Airtight cabinet 716 is connected to the vacuum in sample
chamber 704, but can be vacuum isolated by closing a valve
(not shown) to facilitate replacing or refilling containers 710.

Each of cylinders 712 is connected to a valve 720 by a high
pressure line 721. Maintaining the gas source outside of the
sample chamber provides space for multiple gas sources and
reduces the space required within the vacuum chamber, leav-
ing room for other instruments. A forepump 722 is used to
evacuate chamber 716. Forepump 722 speeds evacuation of
cabinet 716 after changing gas containers 710 eliminating the
time required for gas in cabinet 716 to diffuse into the sample
chamber 704 and be evacuated from there.

Cabinet 716 provides a secondary gas containment struc-
ture, in case of a leak from one of the gas sources, eliminating
the need for separate vented storage boxes. Many beam sys-
tems are constructed using multiple ports for attaching instru-
ments and tools to the sample chamber. There are a limited
number of such ports. The invention allows multiple gases to
be inserted through a single GIS port, thereby providing the
capability of supplying multiple gases to existing sample
vacuum chambers having a single free port.

As described above with respect to FIG. 2, valves 720 will
use, for example, a pulse width modulation control scheme to
regulate the gas flow and second valves 724 are shut-off
valves in case the first pressure control valve fails. Valves 724
can also beused to provide a quick chamber pressure recovery
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when the chamber has been evacuated and it is desired to
rapidly bring the gas pressure to a desired level. Heated gas
lines 726 connect valves 720, positioned in cabinet 716, with
valves 724, positioned in portion 706 that extends into the
sample chamber 704. Lines 726 extend from vacuum cabinet
716 through an opening in the wall 702 of vacuum chamber
704, so that valves 724 are in portion 706, that is, within the
interior of vacuum chamber 704.

Much of portion 706 is surrounded by a shield 725, pref-
erably composed of a mu-metal to prevent magnetic fields
generated by valves 724 from affecting the charged particle
beam. Gas lines 726 may be, for example, a Ys-inch diameter
Teflon® tube incorporating a resistive heater and integrated
resistive thermal device for measuring the gas line tempera-
ture. The heated flexible gas lines allow routing of the gas
lines around obstacles. A controller 730, such as a program-
mable logic controller, uses the temperature measurement
device in the gas lines to provide feedback to the resistive
heaters to maintain an appropriate temperature in gas lines
726 to ensure that the gas does not condense before reaching
the sample chamber. Controller 730 also controls valves 720
and 724. In some embodiments, a heater is positioned near
valves 720 and valves 724 to maintain the precursor in a
gaseous state.

The outlet lines 728 of valves 724 feed into a funnel-shape
nozzle 732 that ends in needle 734, which can be inserted near
a work piece (not shown) or retracted away from the work
piece when not in use. FIG. 7B shows an end view of the
nozzle region of GIS 700 and shows the relationship of the
parts described above with respect to FIG. 7A. The system
shown in FIGS. 7A and 7B is compatible with solid, liquid,
and gaseous sources. Bottles 710 and gas cylinders 712 pro-
vide for easy refilling outside the sample chamber and do not
require a fume hood. As shown in FIG. 7A, each gas container
710 preferably has its own corresponding valve 720, line 726,
valve 724, and line 728 into 732. This differs from some of the
prior art that includes a single main line fed by multiple gas
sources. Having individual lines for each gas source and
having a valve near the exit point of the gas into the sample
chamber 704 makes changes changing gases more efficient
because it is not necessary to purse a main line, and very little
gas remains in the system after the valve is closed to stop the
gas flow.

Micro-valves 724 typically generate magnetic and electric
fields that can interfere with a charged particle beam, such as
an electron beam or an ion beam, being used to process the
work piece. Shield 725 is preferably made from a mu-metal
material and is positioned to shield the charged particle beam
from the magnetic and electrical fields of the valves 724,
which field would change the beam impact point on the work
piece. The mere presence of the shield 725 affects the trajec-
tory of the charged particles. The effect is minimal because
the shield 725 is relatively far from the charged particle beam
column, but the effect can be compensated by adjustments to
stigmators in the charged particle beam when tuning the
charged particle beam column before use. Because the volt-
ages on the stigmators would need to adjust if shield 725 is
moved, the shield is preferably maintained in a fixed position,
and only the non-magnetic needle 734 is inserted or retracted.

In the prior art, flow-limiting apertures were required to
reduce gas flow to maintain the desired pressure in the sample
chamber. These apertures reduce the ability to rapidly bring
the chamber to the required pressure and reduce the range of
pressures achievable in the sample vacuum chamber. The
pressure achievable in the sample chamber was often limited
by the GIS. The cycling valves of the present invention elimi-
nate the need for a flow-limiting aperture and can therefore
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provide a much greater range of flow rates, and accordingly,
a greater range of pressures in the vacuum chamber. An opera-
tor can set the pressure to a value that is only limited by the
vacuum required in the chamber.

Unlike prior art cassette systems that work best for low
volatility solids and liquids and can not handle gases that are
in a gaseous state at room temperature, embodiments of the
present invention provide the ability to supply all types of
process gases into the sample vacuum chamber. Moving the
chemicals outside the system vacuum chamber provides for
quicker, easier refills and switching of chemicals. In a pre-
ferred embodiment, precursor gases flow from gas containers
710 through the system to needle 734 without requiring a
carrier gas to carry the precursor gas through the system.

While embodiments of the present invention provide for
conducting multiple gases into a vacuum chamber through a
single GIS port, multiple ports may be used in other embodi-
ments. Skilled persons will recognize that the system
described herein will permit gases from multiple sources to
flow to nozzle 732 at the same time, thereby allowing multiple
precursor gases to be provided at the sample surface at the
same time.

FIG. 8 shows a preferred embodiment of a gas supply
container 800, which includes a bottle 802, typically made of
glass, to which is threaded a sealing ring 804 that provides an
airtight seal between bottle 802 and a sealing membrane 806.
Bottle 802 contains a solid or liquid precursor gas source 810.
Gas supply container 800 may be a septum bottle, similar to
containers used in the medical field for serums. Container 800
is connected to the gas injection system by piercing sealing
member 806, typically a high-quality Teflon-silicone septum,
with a hollow tube, such as needle 812 connected by a gas
conduit 814 that leads into a valve (not shown) in the GIS. For
example, the bottle 802 may contain for example, XeF,,
W(COy), Napthelene, TEOS, Iodine, or Trimethyl(methylcy-
clopentadienyl)platinum. When bottle 802 is empty, needle
812 is withdrawn, and sealing member 806 closes the needle
hole, forming a gas-tight seal that seals in any residual con-
tents. Supply containers 800 can be changed out without a
fume hood and are compatible with both liquid or solid pre-
cursors. Other types of seals can be used, such as quick-
release fittings.

A preferred method of using gas supply container 800 to
provide a precursor gas for a microbeam system comprises
providing a bottle having a sealing membrane and containing
a solid or liquid material that produces a process gas, the
membrane maintaining the solid or liquid material in the
bottle; inserting into the bottle a hollow tube that is connected
by a gas conduit to a valve that controls the flow of precursor
gas from the bottle to a nozzle, the insertion of the tube
allowing gas to flow past the membrane; and directing gas
from the nozzle to the surface of a sample in a vacuum
chamber.

In preferred embodiments of the gas injection system, pres-
sure in the vacuum chamber can be controlled from between
about 1x107® mbar to 1x10~* mbar to within an accuracy of
about 1.5x107°. Microvalves may be integrated into a rela-
tively small amount of space in the GIS, and provide rapid
response and control.

Although the present invention and its advantages have
been described in detail, it should be understood that various
changes, substitutions and alterations can be made to the
embodiments described herein without departing from the
spirit and scope of the invention as defined by the appended
claims. Moreover, the scope of the present application is not
intended to be limited to the particular embodiments of the
process, machine, manufacture, composition of matter,
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means, methods and steps described in the specification. As
one of ordinary skill in the art will readily appreciate from the
disclosure of the present invention, processes, machines,
manufacture, compositions of matter, means, methods, or
steps, presently existing or later to be developed that perform
substantially the same function or achieve substantially the
same result as the corresponding embodiments described
herein may be utilized according to the present invention.
Accordingly, the appended claims are intended to include
within their scope such processes, machines, manufacture,
compositions of matter, means, methods, or steps.

We claim as follows:

1. A gas injection system for providing multiple process
gases to a microbeam processing system having a sample
chamber with a controlled environment, comprising:

multiple gas sources for providing multiple process gases;

a plurality of flow rate control valves, each flow rate control
valve associated with one of the multiple gas sources to
adjust the flow rate of gas from the corresponding gas
source;

a plurality of shut off valves, each shut off valve associated
with one of the multiple gas sources and positioned
inside the sample chamber;

a set of first gas conduits, each first conduit conducting gas
from one of the flow rate control valves to the corre-
sponding shut off valve;

a set of second gas conduits, each second gas conduit
conducting gas from the corresponding shut off valve
into the controlled environment in the sample chamber;
and

an airtight cabinet extending through the wall of the sample
chamber and connected to the controlled environment in
the sample chamber, the airtight cabinet maintaining at
least some of the multiple gas sources, the plurality of
flow rate control valves, and the plurality of shut-off
valves, in the controlled environment during operation
and the airtight cabinet being isolatable from the sample
chamber for replacing or refilling gas source;

in which there are no intervening valves between the shut
off valve and the controlled environment in the sample
chamber.

2. The gas injection system of claim 1 in which all of the
second gas conduits provides gas to common nozzle for
directing the process gases toward a sample.

3. The gas injection system of claim 1 in which the multiple
gas sources include materials that are solid at room tempera-
ture and materials that are liquid at room temperature.

4. A microbeam processing system for providing process
gases to a sample chamber having a controlled environment,
comprising:

a sample chamber for processing a work piece in the con-

trolled environment;

a gas injection system including:

a plurality of gas sources, each gas source for providing a
process gas;

a plurality of flow rate control valves, each flow rate control
valve associated with one of the plurality of gas sources
to adjust the flow rate of the process gas from the gas
source;

a plurality of shut off valves, each shut off valve associated
with one of the plurality of gas sources and positioned
inside the sample chamber;

a plurality of first conduits, each first conduit conducting
gas from one of the flow rate control values to the cor-
responding shut off valve;
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a plurality of second conduits, each second conduit con-
ducting gas from one of the shut off valves into the
controlled environment in the sample chamber; and

an airtight cabinet extending through the wall of the sample
chamber and connected to the controlled environment in
the sample chamber, the airtight cabinet maintaining at
least some of the plurality of gas sources, the plurality of
flow rate control valves, and the plurality of shut-off
valves, in the controlled environment during operation
and the airtight cabinet being vacuum isolatable from the
sample chamber for replacing or refilling gas source;

in which there are no intervening valves between the shut
off valve and the controlled environment of the sample
chamber.

5. The microbeam processing system of claim 4 in which
the flow rate control valve is a cycling valve, adapted to
control a rate of fluid flow by alternating between an open
position and a closed position.

6. The microbeam processing system of claim 5 in which
the flow rate control valve is adapted to alternate between the
open position and the closed position at a rate of greater than
once per second.

7. The microbeam processing system of claim 5 in which
the flow rate control valve is a driven by a pulse width modu-
lated electric signal.

8. The microbeam processing system of claim 4 in which
the shut off valve is a cycling valve, adapted to control fluid
flow by alternating between an open position and a closed
position.

9. The microbeam processing system of claim 4 further
comprising a controller for controlling the operation of the
flow rate control valve and shut off valve, the controller pro-
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grammed to use the flow rate control valve to adjust the flow
rate of the process gas and to use the shut off valve as a
shut-off valve.

10. The microbeam processing system of claim 4 further
comprising a controller for controlling the operation of the
flow rate control valve, the controller programmed to control
the rate of increase in the sample chamber gas pressure by
controlling the length of time in which the valve is open
during each cycle and in which the controller is programmed
to control the pressure in the sample chamber by controlling
the number of cycles per second.

11. The microbeam processing system of claim 4 in which
the beam source comprises a charged particle beam column or
a laser system.

12. The microbeam processing system of claim 4 in which
the flow rate control valve comprises an electromagnet that
causes a plunger to close and open the valve.

13. The microbeam processing system of claim 4 in which
the flow rate control valve comprises a piezoelectric microv-
alve.

14. The microbeam processing system of claim 4 further
comprising a nozzle for directing the process gas at the
sample inside the sample chamber.

15. The microbeam processing system of claim 4 in which
the process gas comprises a precursor gas, a carrier gas, or a
purging gas.

16. The microbeam system of claim 4 in which at least one
of the gas sources includes a tank positioned outside the
cabinet.

17. The microbeam system of claim 4 in which at least one
of the gas sources in the airtight cabinet includes a bottle
having a sealing membrane and containing a solid or liquid
material that produces a process gas.

#* #* #* #* #*



